We investigate, with high-resolution angle-resolved photoemission spectroscopy, the spectral function of potassium-doped quasi-free-standing graphene on Au. Angle-dependent x-ray photoemission and density functional theory calculations demonstrate that potassium intercalates into the graphene/Au interface, leading to an upshift of the K-derived electronic band above the Fermi level. This empty band is what makes this system perfectly suited to disentangle the contributions to electron-phonon coupling coming from the π band and K-derived bands. From a self-energy analysis we find an anisotropic electron-phonon coupling strength λ of 0.1 (0.2) for the K (KM) high-symmetry directions in momentum space, respectively. Interestingly, the high-energy part of the Eliashberg function which relates to graphene's optical phonons is equal in both directions but only in KM does an additional low-energy part appear.
Superconductivity with remarkable transition temperatures in graphene-related systems has been reported so far for graphite intercalation compounds (GICs), 1-3 boron-doped diamond, 4,5 carbon nanotubes, [6] [7] [8] and doped C 60 fullerene crystals. [9] [10] [11] However, despite all the outstanding properties inherent to graphene 12, 13 and theoretical suggestions for superconductivity therein, [14] [15] [16] an experimental observation of superconductivity in monolayer graphene remains suspiciously absent. In the closely related GICs, it is generally accepted that electron-phonon coupling (EPC) is the most likely origin for superconductivity. [17] [18] [19] [20] [21] [22] It can be mediated by a coupling of interlayer states or π * states to soft intercalant or graphene phonon modes. [17] [18] [19] 23 A strong isotope effect which was reported for CaC 6 highlights the importance of the intercalant modes for superconductivity. 24 The other important contribution to EPC originates from the carbon-derived high-energy in-plane phonon modes. 21, 22, 25 From an angleresolved photoemission spectroscopy (ARPES) experiment an approximation to determine the EPC constant λ is to extract the complex self-energy = + i from the measured spectral function. The slope d /dE at the Fermi level is then equal to λ. However, this approach critically depends on data quality as well as the analysis procedure and has led to various results in the case of graphene. [26] [27] [28] [29] [30] From previous ARPES measurements it was reported for GICs 21, 22, 26 and for doped graphene on SiC (Ref. 26 ) that the EPC is anisotropic around the Dirac cone, in contradiction with calculations carried out for unsupported graphene, 31, 32 which have suggested an isotropic coupling to and K point phonons around the Dirac cone. Other ARPES experiments conducted on doped graphene on metal substrates led to an isotropic EPC. 28 The underlying and fundamental quantity which governs EPC is the Eliashberg function α 2 F (ω, ,k), which is equal to the transition probability from and to a photohole state ( ,k) via coupling to a phonon mode ω. 33 The integral over ω gives the total EPC constant λ according to
In all the previous experiments, only the total λ has been determined while the constituting phonon modes, i.e., α 2 F (ω), remained hidden in the data. However, knowledge of the complete momentum-dependent Eliashberg function is key to understanding the reasons for a possible asymmetry and to disentangle graphene and dopant induced contributions to EPC. It has been shown by Plummer et al. that the Eliashberg function of a material can be extracted from ARPES data. 34, 35 This procedure, however, is complicated by the effects of electron-electron interactions 36 and the presence of multiple non-carbon-related electronic states which modify the value of λ. 15, 19 It has been shown previously that on a metal substrate, electron-electron interactions in graphene are well screened by the substrate, 29 but for the second problem no solutions exist to date.
Here we provide a workaround to this problem by performing ARPES on a graphene/K/Au sandwich structure. In this system we find that the close interaction of K with Au fully ionizes K and upshifts the K 4s-derived band above E F , which prevents phonon scattering to this band. Thus it is possible to analyze the contributions of graphene-related electronic π bands alone and to investigate the isotropy of λ around the Dirac cone.
Graphene intercalated with one monolayer of Au was prepared in situ under ultrahigh vacuum conditions with chemical vapor deposition on Ni(111). [37] [38] [39] We evaporated potassium from commercial SAES getters onto graphene followed by annealing at 350 K for 10 min. According to our previous scanning tunneling microscopy (STM) studies showing an almost defect-free homogeneous graphene layer, 40 we believe that K intercalates mostly through graphene step edges and grain boundaries. Angle-integrated ultraviolet photoemission spectroscopy (UPS) and x-ray photoemission spectroscopy (XPS) were carried out at the bending magnet D1011 beamline at MAX-IV Laboratory and at the RGBL beamline at BESSY II. The combination of XPS and UPS measurements on the same sample allowed us to correlate stoichiometry to the Fermi level shift (charge transfer). Angle-dependent XPS and density functional theory (DFT) calculations have been used to determine the location of K atoms. ARPES measurements were carried out at the BaDElPh beamline 41 of the Elettra synchrotron using a photon energy of 29 eV with s and p polarization and a total angular and energy resolution of 0.15
• and 15 meV, respectively. The sample was kept at 50 K with a base pressure 5 × 10 −11 mbar. Figure 1 (a) depicts the UPS measurements in normal emission geometry of pristine and K-doped graphene on Au. Upon K doping the π band shifts by almost 1.4 eV. The core level XPS spectra of the same sample are shown in Fig. 1(b) , indicating a shift in the C 1s line of 0.8 eV that goes with the appearance of a small shoulder and an asymmetric line shape. More importantly, for a Fermi level shift of 1.4 eV, XPS reveals a K/C ratio of ∼1/9, as can be determined from the areas of the C 1s and the two K 2p peaks in Fig. 1(c) . The angle dependence of XPS clearly shows that the K 2p signal is becoming weaker for grazing emission when compared to normal emission. This points towards an intercalation of K in between the graphene/Au interface. ARPES spectra (sum of s and p polarization) along the KM high-symmetry direction are shown in Fig. 1(d) with the Dirac point shifted by ∼1.3 eV with respect to E F , in accordance with the independent set of UPS measurements. Figure 1 (e) depicts the Fermi surface contour which contains 2.4 × 10 14 electrons per cm 2 . The position of the K atoms with respect to graphene was further investigated with DFT calculations using the QUANTUM ESPRESSO package. 42 These were performed in the plane waves and pseudopotential framework employing the Perdew-Burke-Ernzerhof exchange and correlation functional and including van der Waals dispersion corrections. [43] [44] [45] The optimized geometries of two interfaces differing in position of the K layer above or below graphene are displayed in Figs. 2(a) and 2(b), respectively. The simulations address K coverages corresponding to the KC 8 stoichiometry in a 2 × 2 periodicity with respect to graphene. In agreement with XPS measurements, our calculations predict the intercalation of K between graphene and the Au/Ni substrate. The energy of the (2 × 2) graphene/K/Au/Ni supercell is 0.62 eV lower than that of the K/graphene/Au/Ni supercell. Interestingly, the position of the K layer with respect to graphene does not affect substantially the π band doping. The energy shift of the Dirac point is 1 eV in both cases, in qualitative agreement with the ARPES data. Instead, the K 4s bands are highly sensitive to the K position with respect to graphene. Quite consistently, K intercalation below graphene completely depletes the K 4s band. Experimentally, we did not find a K 4s band at the point.
This situation is essential for deriving the Eliashberg function of graphene, free from any K 4s scattering contribution to EPC. The procedure itself is based on an integral inversion of the real part of the self-energy (Ref. 34 ) and is considered successful if experimental and that recalculated from α 2 F (ω) match within accuracy. In a second step, we perform a Kramers-Kronig transformation of and compare the resulting , labeled as KK , to the experimental obtained from the Lorentzian linewidths of the momentum distribution curves (MDCs) as well as to (labeled Ef ) calculated from α 2 F (ω). The experimental data are corrected by a term const + βε 2 which models the electron-electron interaction contribution. 21 Figures 3(a) and 3(b) depict high-resolution ARPES scans of the kink features. The black dots indicate the peak positions of the MDCs, fitted with Lorentzian line shapes for each energy value. The solid white line in Figs. 3(a) and 3(b) corresponds to the fitted nonlinear polynomial that acts as an interaction-free bare band (modeled from a tight-binding fit to ARPES data away from the kink region). 28, 46 Comparing the photoemission intensities for the two distinct directions, it is striking that for the KM branch the first significant intensity drop occurs at about 60 meV, followed by a second intensity drop near 160 meV, in contrast to the K direction, where the intensity only drops around 160 meV. The difference in MDC maxima and the bare band equals the real part of the self-energy , which is shown in Figs. 3(c) and 3(d) for the K and KM directions. It is evident that the slope of within the first 100 meV is significantly steeper in the KM direction and also the maximum is slightly higher compared to in the K direction. The Eliashberg function, which is consistent with the observed , is plotted along the same energy axis. The imaginary part of the self-energy is shown in Figs. 3(e) and 3(f) and confirms unambiguously the behavior of . Here, we have plotted , which is derived from experiment along with KK , from a Kramers-Kronig transformation of and Ef calculated from α 2 F (ω). The excellent agreement of all three graphs provides the necessary cross-checks. The additional low-energetic contributions indicated by α 2 F (ω) in the KM direction in Fig. 3(d) appear as small steps in in Fig. 3(f) , which add up to a linear slope of up to 150 meV. What follows is a more pronounced step from 150 to 200 meV. In the K direction, shown in Fig. 3(e) , only the latter step is observed. These high-energy peaks are readily identified by their energy as in-plane optical phonon modes of graphene from the and K points. 21, 31 Notably, for these high-energy phonon modes the determined Eliashberg function from ARPES is in reasonable agreement with recent Raman studies for K-doped graphene. 47 We now proceed to discuss the origin of the low-energy peaks and their contribution to the asymmetry of EPC. The integration of α 2 F (ω) according to Eq. (1) in the K direction is shown in Fig. 4(a) and yields an EPC constant of λ = 0.10(2). The same procedure applied to the KM direction, shown in Fig. 4(b) , yields λ = 0.20(2). Since we have extracted the full α 2 F (ω) from experiment it is straightforward to compare the partial contribution of graphene-related optical phonons for K and KM directions by performing the integration only over the high-energy peaks from 150 to 200 meV. Interestingly, this yields equal contributions to λ for both high-symmetry directions, pointing out that the graphene-derived optical phonons are indeed isotropically coupling to electrons around the Dirac point. 31, 32 Turning to the three low-energetic features up to 150 meV in the KM direction, we obtain a partial λ of 0.08, indicated by the red line in Fig. 4(b) . The total λ in the KM direction then adds up to λ = 0.20(2), which is twice as large as λ in the K direction. This is not an apparent asymmetry, which has been reported earlier to be due to an oversimplified extraction of λ, 48 but a real effect. The appearance of the low-energy peaks in the KM direction exclusively is clearly surprising and calls for a comparison of the α 2 F (ω) from experiment to the phonon density of states (PHDOS) derived from inelastic x-ray scattering experiments on graphite, 49 which is shown in Fig. 4(c) . This comparison corroborates that the high-energy peaks in α 2 F (ω) are related to in-plane optical phonon modes of graphene. The low-energy part might be related to out-of-plane optical (oTO) modes and acoustic modes (peaks below 120 meV in the PHDOS). Theory, however, suggests that, for free-standing doped graphene, there is no coupling to oTO modes 50 and only a weak coupling to acoustic modes of graphene is possible, 32 which probably cannot explain the observed large contribution. It is therefore more likely that the low-energy peaks originate from dopant-derived phonon modes. This would in turn imply that the anisotropy of the electron-phonon coupling may be engineered by choosing a suitable dopant. However, although technically challenging, more thorough theoretical investigations are required in order to fully understand the influence of the observed low-energetic contributions as well as the origin of their anisotropy.
We now compare our present results to previous studies of the electron-phonon (el-ph) coupling in potassium-doped monolayer graphene on Ir. 28, 30 First of all, a comparison must be done with care because the electronic states of the Ir substrate can modify the π electronic bands of graphene. 51 In Ref. 30 only the KM direction has been measured, giving a value of λ = 0.2, which is in good agreement with the coupling constant derived in the present work. The results of Ref. 28 have yielded a symmetric coupling with λ = 0.28, which is larger than our values, in particular for the K direction. Due to a higher noise level in the position of the MDC maxima, the corresponding Eliashberg functions display several low-energy contributions in both directions. These are in part responsible for the larger λ because of the 1/ω dependence in Eq. (1).
Finally, we want to compare our results for graphene with previous studies on the superconducting three-dimensional (3D) parent compound KC 8 , which also shows an anisotropic coupling but with coupling constants that are significantly higher than in graphene [e.g., λ(K ) ≈ 0.15, λ(KM) ≈ 0.75]. 21 This difference can in part be understood from the presence of additional graphene layers separated by a dopant layer and hence the possibility for the electronic structure to couple to soft out-of-plane phonon modes. 32, 50 This additional contribution can enhance the el-ph coupling up to 30%, according to calculations done by Park et al., 32 and agrees well for the coupling constants of graphene (λ = 0.1) and KC 8 (λ ≈ 0.15) in the K direction. In the KM direction, however, the difference in coupling constants can hardly be explained by just considering additional out-of-plane modes. It is therefore likely that the observed low-energetic contributions to the graphene Eliashberg function in the KM direction are also present and might be even more pronounced in KC 8 .
In summary, looking at the determined total EPC constants for each direction, we confirm the previously reported anisotropy of λ in graphene 26 as well as GICs, 21, 22 and we find for the values of λ an agreement with the estimate from d /dE. On the other hand, if the additional information that α 2 F (ω) provides is taken into account, it is necessary to reject the assumption of a single phonon mode coupling and consider all the contributions to λ individually. Regarding the contribution of the high-energetic in-plane optical phonon modes of graphene, our results show that EPC is isotropic and the coupling strength λ perfectly agrees with theoretical predictions. 31, 32 The observed low-energetic contributions in the Eliashberg function may be related to the dopant, which would then provide the exciting possibility to tune the anisotropy of the electron-phonon coupling. We therefore believe that more theoretical as well as experimental investigations dedicated to the low-energetic contributions to EPC are invaluable and potentially may have further implications for superconductivity in carbon-related materials.
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